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1. Research ObjecUves

Our research objectives, as stated in the work statement of our proposal, were:

1. Demonstrate white light grating interferometry method of phase-amplitude

recording using phase and phase amplitude objects from various areas, including

engineering and biological.

2. Extend the white light and incoherent optical processing concepts into such areas

as robotic vision and phase conjugation, as well as into other areas of image pro-
p,

cessing.

3. Investigate the SNR for incoherent optical processing systens in the presence of

artifact noise, detectcr ncise, and bias build up, and determine the significant

parameters, such as space-band width product of the system impulse response

4. Compare the SNR for the coherent case, polychromatic achromatic coherent case,

and the extended source incoherent case, and characterize the situation when the

coherent (monochromatic or polychromatic) is advantageous and when the

incoherent is advantageous.

5. Examine the trade off between resolution and SNR. --

8. Conduct experimental comparisons between coherent and incoherent processing

to verify the analytic conclusions.

2. Accomplishments

We gave attention to all of the above areas, except #5, with stress on item 2, 3, 4

and 6. In the context of carrying out these investigations, we developed ideas that

were not in the original proposal.

Our principal accomplishments for the year have been:

AI eR , T .l.. ........... .
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* ~ . We adapted our method for doing reduced-coherence phase conjugation to real

time processes, and we conducted experiments to verify the ideas.

2. We carried out an extensive analysis, development and experimental program on

the method for recording in spatially incoherent light the Fourier transform of an

object. This method, conceived in the closing days of the previous year. works as

if the light were coherent, even though the light is in fact coherent. For example,

it works on the light amplitude and it preserves phase.

3. We discovered, about a year ago, a method for making holographic optical ele-

ments in spatially incoherent light. Much of our effort for this past year has been

in developing and extending this idea. In the process, we investigated the SNR

achievement in making HOES with incoherent light as opposed to coherent light.

In short, we carried out much of the work suggested in items 3, 4 and 6 of our

work statement within the context of HOE construction.

*4. The white light spatially incoherent grating interferometry method for recording

phase amplitude image was applied to image plane holography with successful

results.

3. Real Time Aberration Compensation (Phase Conjugation)

with Partally Coherent Light

The phase conjugation imaging technique has the capability for producing

* . diffraction-limited resolution even in severely aberrated imaging systems. In this tech-

nique, various beams are mixed in a non-linear medium. An object-bearing beam, pass-

ing through the medium, generates a conjugate beam u*, which retraces the path of

* the original beam u, and the aberrations in u* are then compensated by the aberra-

tions of the imaging system. This process, carried out in real time is similar to a pro-

* cess developed in static holography in 1965.1-3
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The process in a basic way requires coherent light, which is poor for imaging.

First, coherent light, when interacting with a diffuse material, either by reflection from

it or transmission through it, acquires a speckly appearance. Second, any scattering

or perturbing structure along the optical path results in noise that overlays the image.

There appears to be basically two alternatives in imaging through an aberratin;

system. First, we can carry out the imaging process in a conventional way, using

incoherent light, thereby achieving a good signal to noise ratio, but degraded resolu-

tion. Second, we can carry out the process in a phase conjugation process with

coherent light, thereby achieving improved resolution but a poorer signal to noise

ratio.

One solution to this problem was given by Huignard et.4 In this method, one in

effect makes a sequence of hundreds of exposures, each with a different noise function.

The recording medium adds these, giving a resultant where the noise is reduced by the

averaging process.

Our method achieves a comparable result using an essentially different principle

Instead of making a large number of coherent operations in sequence, we perform a

single operation with light of reduced spatial coherence, and possibly also of reduced

temporal coherence. This method is an adaptation of a method described in last year's

report for static holographic imaging through a phase-distorting medium. Here, we

modify the earlier result by adapting it to real time operation, principally by the use of

a Mach Zehnder interferometer in place of the grating interferometer previously used.

The light loss is thereby reduced by an order of magnitude.

The method, in the embodiment we have used for its demonstration, is shown in

Fig. 1. Light from a laser source is passed through an interferometer that splits the

incident light into two beams, then recombines them. The first element is a beam

splitter, and the remaining elements are mirrors that redirect the beams so that they
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are brought together again at the plane of the phase conjugating medium. One of the

two beams is the object beam, which contains an object and an aberrated imaging sys-

* tem, as well as some noise, resulting from such various defects as dust, digs and

scratches on the lenses, etc. Lenses L3 and L 4, arranged in the telescopic configura-

* tion, image the object 0 onto the phase conjugating medium P. Mirror M 4 reflects. the

* reference beam back on itself and as it passes again through the conjugating medium,

a conjugate beam u* is generated. The conjugate beam travels through the imaging

system in reverse and forms an image.

The object beam carries the image, the aberrations and the noise. ideally, the

image information should be perfectly passed, so that a high resolution image can be

tormed. The phase error, too, should be preserved, so that it can be cancelled in the

conjugation process, thus permitting the high resolution that we seek. The noise, how-

ever, should be reduced, i.e., smoothed out, so that it no longer degrades the image.

'We can, for example, reduce the noise by reducing the spatial coherence of the light;

indeed, complete spatial incoherence would essentially eliminate the noise entirely.

However, the reduction in coherence would also partially destroy the image and phase

error information that is to be transferred onto the conjugate beam.

However, by forming an image on the conjugation plane, the coherence require-

ments for preserving the image information become nil--perfectly incoherent light

would do. The aberrations, on the other hand, originate at a plane other than the

object plane; indeed, the aberration sources are distributed, arising from entire

regions rather than from single plane. Thus, the aberration sources are not imaged at

the conjugation plane.

The aberrations are slowly varying; therefore, they require only a low degree of

coherence for their preservation. The noise, however, is generally of higher spatial fre-

quency. Therefore, we expect that the spatial coherence can be reduced to a de 1ree



;;tjri that the noile is sigrnificantlv reduce'd, but that the abe.'rai of is c-;:7. r:i,

W(1"'d Ilndted . if Lhe tbcrr,. ions , r, v Aryini -uf,,cetL. :- l, ;nK*,:

red ic ion in coh'.eren-ce is permiss'ble, with- gooid abrrr,-in pr-esk:r, ation s ith in

erv~rmou. noise redution.

We can reduce Che coherence of the source in one uf the m~any WiYS: Lhe mpe.

.s Lo pim-co a rotating ground glass in the beam near the source point The degree of

coherence reduction depends on 'now far the ground glass is from the sou,-ce. Anothc r

P',int that izz Important in thr. pres nt corite:t is t~iat this methiod suipposes trie ficid t

r'hr'nu rapidly compared to the timo const..nt of the conjugat ion proc.-s. Ottrrw:

thei process will be a sequence of coherent recordings, instead of a single recordin~g

with partially coherent light.

The reduced coherence will tend to destroy the interference friage- prclA du 11.

the contLgat ion plane by the su-erpositi-ri of the objocl, and referenc~e ')eams 'Ic

ever, the itiLerferonicter of Fig. 1, which is basically a modified Mach Zchrider. is capa-

ble of b-oad source opt-ration. The production of fringei uinder broad source flunmna-

tion is an important aspect of classical interferometry, and is discusse6i in Lexts oii

interfe'rometry. 6 If the beams are aciju.-ted so thaL L'tu correspoldii.; r..vs in it.c .

beams. i-e. rays that come from a singlry impinging o ~eba pitr r

briught back together, then Lhe twvo beams witl interfere in tnis plare ' en mne -he

source has reduc ed coherence. It has been shown that, for the 'vazh Zchndier inter-

ferometer, tne number- of fringes obtained frcrn d trnonochrornauic e."-nde'i source is

approximately'

N (2AiO) 2 ()
where AO is the -irgle subteinded by the source at the~ collimating lens L. This relat.;or

allow a lrge nmberof finges, perhaps, se~eral thousand, even for a source thdt I

mi-ny times larger than what the 3s ,Lm would see a±s a point SC-Urce.
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To perform tht exprinent, w Fi rt construct a cont'ulled ab(.rrtior b' .o,t.',

portio:n o, a gIos. sidc: with oplI ical cvienL Lo a thickness A-f ,ihc,:iL 00--'7M, .r ,

The coating, rather irregular in Lhickness, provided En aberration tLht vr!-r.d frcrn

r,.:gion to region. The objeeL oen,. a fe' :m;r in damrn.ter intercepied. onlv Fa boi _t,

of the aberration plate, and by moving the plate, a suitabte abcrraLton coak; "'e

injected inta the beam.

The system was first tested using conventional, static holography, that is. usirtg

photo;raphie, plate instead cf a phase conjugat!on material. The object %aai a grid if 4

fine slits of width 1 mm. The hologram was developed and replaced in its origi.d po,-

tion, the object bean was blocked, and the reference beam was reflected b; a mirror.

M4 back through the system, providing the required conjugate wave. Photo;raphs of

the reconstruction (Fig. 2 ) show the process works as expected. The aberrated imatge

is shown in P.a, jusL is it appears at the plane of hologram formation. F'.ures 2b and ?c

show the reconstruction with light of reduced coherence in both the mr.,king and

readout steps. Figure 2b differs from 2c in that the hologram was used in a !iquid

gdtc, that is, a glass plate was fluid-coupled to the emulsion side of the hologram in the

r(-ccnsLruct ion process This gre atly reduced the noise from surface dfec'.s -n the

emulsion. Finally, Fig. 2d shows the result when the process was carried out with

coherent light. The phase error compensation is very good, buL the noise level is high.

By rotating the mirror, M4 the reference beam could be aimed in v,'ricus direc-

tions, so that thn ccnjugate beam path could bu stifted. thus makinfg ti-.e phi,se ,rrur

compensation imperfect. When this was done, the principal effect was to produce cur-

vature in the slit images, sometimes with some slight broaden.ng (Fig 2) The mi'rc.

was adjusted until the slit images became straight, whereupon the system was assumed

to be properly adjusted.
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Fig.3.2. Experimental results, usin g conventional

((L. ... s'~tatt¢) holography. (a) conventional

(not hol ographic ) imaging with part ia lly

coherent light th rough the aberration. (b)

imaging using holography and reduced coherence.

Also, a flat glass plate was coupled to the

emulsion surface using an index matching

fluid. (c) same as b, but without the glass plate.

(d) imaging using holography and complete

spatial coherence.

- _ _ _ _ _ _ _
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Fot 1h( re'al time, or phase conjugation process thnIl:vf rn~ i( lit

-as. us(vI .S the phas e -onjt.g iiUn mediuzi,, incnuc.'.W:tn ar, i.--cr.i'

4'I4- A line) l'ath an optimum power of 3.0 watts. The !aser was di-.!dd equii inic in c

reference ind object beams. The total laser power (object, reference and 1 0 1 Lr ruc-

tio~i bcaii.s all. to~e'-hr) incident on the nerrnatic film, after passage throutin te cp-

cal system. was about 0.2 watts. a second bcam zplitter BSI was platced bctwoen tLhc

object and the mirror 413 so as to separate the phase conjugated irna~e fromn the

ob'jcct. The liquid crystal MI3BA (p-m-ethoxbenzvlidene-p-n-butv,,a nili'ie) was homec-

tropically aligned, with th.! director axis paralici to the piane of'riec- bY ".he I"t

incident beam propagation vectors (reference and object) and tLe opticK ,)rlari.at.Lo-

of the beams was normal to the director axis. For this configuration, the nc-nlinea, ',%,

arises from the thermal indexing effect9 (i.e., d n MdT, where -i is the rrfrac-f v- ;nie,

for the ordinary ray, and T the temperature. The diffraction ficr'for W-e "BB\

film was about 0.1 percent at room temperature, but it can be increased by raising the

temperature to close to the nematic - isotropic transition. Typically a diffr-tton or

wavefront conjugation) efficiency of about 3 percent is obtainable.

We show experimental results using t' %o different objects. Figirc- *. OV *I,:

using as an object just the laser beam, a circular distribution of light about 'mr ni i

diameter. Thie aberrated beam, the phase conjugation beam using figlit of tL: :c- d

spatial coherence, and the phase conjugation beam using coherent !itgl- iere -'lon ir -

2'igs. 3 ab, anG c, respectively. The noise redaction in the incohe!-Ltt caii 1.i quito utl-

dent.

Figure 4 shows similar results, except that the object was a slit.. Again, the phase

conjugation image using light of reduced spatial coherence has reso]ULlon just about as

good as for the coherent case, and the signal to noise ratio is much superior.



a.b. C.

a..

Fig.33. Phase conjugation results. using a circular

apert ure for the object. (a) photographic record

of the obj ect, a fter imaging through the

aberrat in g medium, and using light of reduced

coherence. (b) phase conj ugat io n imaging with light

of reduced spatial coherence. (c) same as b, but

with completely c oherent light.
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a bC

rig 3.4 . Image o f a slit (a) formed with incoherent

light, (b) formed using phase c otju gation with

light of reduced coherence. *(c) formed using

phase conj ugat ion with c ompletely coherent

light.
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4. Fourier Trawf orms with Spatialy Incoherent Light

Toward the close of last year's reporting period we invented a new method for per-

* forming Fourier transform holography with monochromatic, spatially incoherent light.

This idea has now been developed and explored. A complete teatment is given in the

* doctoral thesis of G. Collins. Here we describe the main features. The system is the

first true spatially incoherent counterpart of conventional coherent holography in that

it is linear in the complex amplitude of the object. As a result, all the capabilities

which characterize conventional coherent holography are preserved in this system.

The physical realization of the proposed technique is also quite similar in many

respects to a conventional coherent holographic system. The system uses the unique

properties of a grating interferometer to achieve the objective.

In the past, a number of systems were described for doing quasi-holography with

incoherent light. None of these systems were true holography; none of them employed-

a separate reference beam, and were thus unlike conventional holography, and did not

preserve the phase of the object distribution. The system we have developed is basi-

cally different; it does employ a coherent reference beam, and there are a number of

interesting consequences that result.

The basic system consists of the interferometer shown in Figure 4. 1. The incident

illumination is from a spatially extended (incoherent) source and is quasi-

monochromatic. It is assumed that the source is not so spatially broadband that the

beams cannot be separated within the interferometer. This is a practical consideration

only, and is otherwise unnecessary for the proposed technique. The ideal system

behavior requires that the incident illumination be completely (spatially) incoherent as

would be the case if the source were infinitely extended. In actual practice, the beam

separability requirement can be satisfied as the idealized behavior is approximated to

any degree of accuracy, by constraining the spatial bandwidth of the object amplitude
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Tilted recording plane

02 tA

z I

G3 

I

• d I :d --

Quasi - monochromatic,
spatially incoherent
incident illumination

Fig. 4.1. The interferometric system for recording
holograms in quasi-monochromatic, spatially
incoherent illumination. Gi, G2, and G3 are
gratings of spatial frequency f . tA is the

complex amplitude transmittance of the object.
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Lrdf'-miLLAtce to be -'iiitably narrowband with respectto ',he spA.!al carrier frc.qii rfl v

The basic interiertorreter, composed of the gratings G1, 62, dfld is '. ,i(

ccju ,alvnt of the u&la sicai MVach-Zehnder itiLerferometer. The gratia:' GI s li',s L>;,L

incident. light into two beams: an object beam, derived from a ujiffrac Led oriii', and a

reeroncc beam, deriv/ed fromn the undiffracted or zero )rder. r'ht objecl, b,:mr I[\

pagates to the grating C2 where it is redirected to be.- ome parallel With L- or:g rna!

direction. It intercepts the object Lransparency, which assumies. tie roic plk Ai

Lost sect ion in conventional interferontelrv, and propagatrs onward Therr'c

beam propagates to the grating G3 where it is redirected, by diffract'on, to Li~er":epL

the object beam.

The basic three-grating interferometer is initially se',~ sz- thaL, Awh L)ui w

object present, hi. h rontra-Rt fringeq are obtained that are localized ait the ri-t

under broad source conditions. IL is essential to the prripos. d technique thal ti iito

ferometerx be capa.ble of formiing, under condi'tions of oroad source iliu-Pi nat ton, p~t-

tially invariant, higah contrast, strongly localized interference fringes of arbiLrarY ';P-

tial frequency.

With the object transparency inserted into the systecm, each spatial frcqtioncy of

the amplitude transmittance acts as a gralting to diffract., and thus redirCtC, a porttc,

of the incident light. Considered separately, each of the.se diffracted be!,nis ifterferes -

with the reference beam to form a unique -constrnt z) plane of lora!:ed fringes. Thne

geometry of the system is such that. the distance z, at which the fringes for a given spd-

tial frequency of the object localize, is linearly proportional to thdt spatial frequency.

Thus, for an arbitrary object transparency, interference fringes will aerieally be

formed throiighotit the beam o\verlap region.
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Thr:. interference frtige distribution is recorded photo--rd±phicaIl y on tllied plane

Ith. bearii overilar rvajiL. .iI~ l- tioL Ui hijrterf r-nt- rr ir. 1f'

tfcrm. on a spatial carrier, which is proportional to tho Fourier transform of the dif-

*frat.-Led (c- Fi-esael) field of the Gbject at the recordiag plane. Th,, jfierj::i\ disUtoj

tbon -it the recordiny plane is thus, with the exception of the Fourier trransform "i

* t~ionshnt, very similar to tha which would be found in thid equivalent, but cchei'ent o-

* griphic iystem.

Th e s)ystem is capable of two dimensional imagery within thei plane of the :vet-

i erometer; i.e., it does not image in the dimension transver Se to tho plane of i-lr

ferometer. Within this plane, however, the imaging process is entirely' analcgou1-s t.o

conventional coherent holography. The system is linear in, and can reconstrur't an

* imrage of. the complex amplitude associated with an object transparency. Dcptih Cr z

dimension information, is preserved in the same fashion as in conventional cot.p'

The imaging process is not constrained to a single object, plane or distanc, ',a.- :,)nt

nighL expect if the fundamental process were a spatial domain comnensaLtlon -~ch-

nique analogous to temporal domain compensation techniques), and in fee- t, is ruE.1

c;inable of imaging two-dimaensional complex amplitude distributions within !ht .- n

of the interferometer. In short, the system is capable of essentially arbitrary a, .:-

front construction within this plaine.

Experimental result3 have shown that this system works as theory irdw '.tcis, rlnd

Unat. it wo-rks very well indeed. Our intention is Lo apply ii, to such areas i.s rrbo~la.

* vision.

5. The Construction and Evaluation of HOES Made in LJght or Reduced Coherence

5.1 Introduction
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Prin..r's furried in iight of reduced -oherence, either spatial or ternporai. are less

1.);,nl h nz~vs formed wti cohererl. li;ZhL Hu-.evcr. in ge!'i rl, 'rino,!s fncrm' i ir.

I -ht. c! reduced coherence are usually limiter! in various ways, the frirg-s may b

lo,.v r contr.ast, fewer in number, r.ia., e xist only cver d small region, or it pl~jr-

difficult or impossible to modulAe he fringes, that. is. form fringe~s of rioa--1411fC.rrn

spacing such as a zone plate pattLrn. Here we describe I vo complimnentary opl-z -1

tems with which we can modulate fringes to obtain zone plate ptenmado I~n

inter!r romnetry with a spatially broad, monochromnatic source. Such interfe, -rn~ei. i

cally recordced zone plate patterns .ire often callod hclorraphic op;icid ~'ie2-

(HOES) or diffractive optical elements and have been finding inctedsiflg applicif.v.

Diffraction efficiency and noise level of these elements are also discussed

b.2 System

Initial experiments of this type were discussed by Swanson, who descrixud a

method for modifying the grating interterometer so as to form zone plate stra-t ures

instead of grating structures.' In this method lenses are placed in each branch of the

interferometer so as to image a common plane at the same magnification, but wiLli dif-

ferent curvature being given to the interfering wavefionts. The interferometer confi-

guration is shown in Fig. 1. For example lenses L2 and L3 may be in the telescopic

afocal) configuration, so that P1 is imaged to P.0 a in such a way that aplane wve -t P,

becomes a plane wave at P.,. Lens L, also images plane P, onto P0,W butl in urh a w-t%

* that the wave impinging on P0ul is a diverging spherical wave of radius I', LhL focal

length of the three lenses being used. The two beams interfere under broad Source

monochromatic illumination, but the fringes, being the result of interference bet.%een

a plane and spherical wave, form, Vfter recording, a diffraction lens of foca!le ae.th F

Thais to make low noise diffractivt; lenses, we have at P1 & uniformi distributicn ot light

No structures are placed at P1, Sinc3 such structues would ,ne'. ii -&1y 'Virioo



T 0

LL..

a l " .U-- --

L U

94

"U2

tt

44 0

IA.4

Lin4

#4cz 'us

0 1



20

'dirt, cscratchies. etc.), thus the fringe patte-rn is ve:.ry clean when the light source is of

reduced ipatial coherence.

I-rportant t.o the incoherent HOE cunst-uction iethod is the -onge of HOL" 0L,,L

* can be achieved. We would like to be able to produ..e any focal length. This is rpla-

u' .'ely easy. More important is to achieve any range of conjugate local planes. Noting

* that if w;e desire the object an~d image distances Lo be d~k and d, cespectively, then

for besL results the HOE should be made with two interfer-ing beams converging to or

diverging fborn, points at these same distrAnces. To n':hieve any poss'ble set of db and

dz is a more- difiicult problem. It is by no means a priori evident U-at it has a solut ton.

For convenience of analysis, suppose the optical systems within the two Iranclhes

I of the interferometer Lo be removed; the justification is that the interferome! er itset.'

need not be part of the analyss All we must do to have these optical systems funrt;,n

in the interferomneter is to impose a few constraints on themr so that their pros -ecee

I would not disrupt the fringe forming capability of the interferometer. rhesc two opti-

cal systemns are shown in Fig. 2. The top system images plane Pi to P.,,, the frinc

omigplane, and the lower system images P1 ' to P . ; Ly an 8 1 ae6~ gig~s

I tems We consider here the various forms that these systems can take, and the tra-

bilities and limitations of these forms.

In order to obtain interference with a spatially incoherent monochromatic source,

I we require that at P. both beams have undergone the same amnount of Fresnel dif-

fraction and that the magnifications of the two beams be equal. Now, the F'resne! dif-

fraction process occurs between the source planu and planes P1 or P1'. Since P1 and

I P1 ' are each imaged to P,,w, tihe Fresnel diffraction process stops at P1 and P1 '. Thus, it

is necessary that planes P1 and Pl' be equally distant from the source. Otherwise, the

interference would he weak or absent. Since the diffracLion paths stop nt P, and P( we

I must allow for the optical path from P, to P,,, and P1 ' to P,,, to be different, a rondi- --
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tion thai. gives a useful flexibility in the realization of HOES with arbitrary conji ate

rouW). plane lr(!! ec, it is in gererai nccessiry L( nilajg': ov(-! 'A fenri J~sio o&

each arm of thc interferorneter, that is, the distance fro, P, to P0 4 must be differ -nt

than that from P1 to P,,. Since the distances 3oucce to P, and ~ource to P,' i~us bV

equal, it follows that the total optical paths must in general be unequal, Lihc path diff'er-

ence bi-ing the difference between the P 1 -P,, and the Pl1 -F,, p.-Ahs.

We have considered two optical systems that fulfill the above requir'ement$. Gne

is a modified version of a grating interferometer setup described by Swanson and thc-

othe r is a m odif ie d ve rsi on of the Mao h-Z ehnd er inter fe rone t E.r I-' 3). wh-re t -i iL a i

beam splitter is replaced with a mirror. Both systems have advantages and drawback.

The required optical path difference can be generated in various vbays. i~ch :,vn-

*eration is easy in the modified Mach Zehnder interferometer by sirnpin posit-ring )r

*the various mirrors. To generate a large path difference roqulres a hig-h dcr're of

m conochromaticity, so that the beams can travel unequal path lengths and st ill intr-

fere. This idea can be taken to an extreme by making the path length di ference ,(

to twice the laser cavity length and compensating for Fresrel d'ffraci.ion b% ~n

over the path length difference with appropriate lenses and unity ' gI~aIs a

system will produce high contrast fringes in broad source monochrorna~c illumination

Besides the requirement of a high degree of mo'ioch-romaticity, ano' her disad-.tn'.L14

of this system is that the number of fringes is limited, being given by %'= - '%,! '

A0 is the source subtense at the lens (not shown) that nollimates the light incidii C--

the interferometer. For a large AG the number of fringes may. be in,%dcqLa',. Thur?'

no similar constraint for the grating interferometer, which can produce a cCrn pletr.IS

unlimited number of fringes regardless of source subtense

Actual physical pathlength differences need not be introduced to r ona pens, tv t')r

differences in F'refsnel diffractior.. Tnsertinig a cascade of uippri j I'L U!"'I
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raagnification telescoptc imaging ;ystems into the grating intrrferometor will produce

the desiced F'resilel diffraction compensaLion. rh. dikadvdrnixU vitl C '-n sy.,l .-

tihat multiple lenses inLroduce more noise and more aberrations, both of whIuh ,.il!

reduce friage contrast.

A completely general mathematical analysis of the sysLems3 is somewha- Icd;oijs

and does not easily yield a simple physical viewpoint. Therep re basical!y fwo A&.%, c.'

describing the process physically. Each branch of the optical system irrages the plane

r I ? )') but with a quadratic phase factor. Alternatively we can say that each op;i-

ca: system, in additicn to imaging the plane P i 'or P1 ') also inlaes th:e sourr PlhI

distances do, 4 , (Fig. 2)from the source image to the plane P0,, becomes the

designed conjugate focal planes of the resulting HOE. This viewpoint ran lea] to some

basic insights as to what range of de, .im is possible.

For example, if the incident beani is collimated, whe.re L. an( I.' .

become imaging lenses in each branch of the interferometer for imaging P, and P,' to

Pg , then the source imago is found at a distance of one focal length do,,nst: e rn frc-n

the imaging lens. Thus, by appropriately adjusting the focal lengths F, -ind 12 , an\ z,.t

of conjugate focal planes are possibie, subject to the constraint that both sour ,e

images are formed to the left of Puw. This constraint always leads to H HOE desioned

as a negative lens. This is a severe restriction, as almost rll prac".icai len-e' ,we

Live lenses. Besides, there is no justification for using an incoherent sysl-r.m for pro-

ducing a negative IIOE, since this can always be accomplished jus as ,el! - , in .i

much simpler manner by conventional means, with light diverging from two pinholes a

distance 4d, and d.. from the recording plate, and with no optical Clements betwe .r,

either pinhole and plate, there will be no coherence induced noise

The challenge is thus to cause one of the beams to be converging at ;'u. , _e

either d., or t,,1 be a negative quantity, thus producing a positive HOE. The philosophy
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of accomplishing this is the following. A lens can be considered as alwavs prc (ci.

th, n of the irna,;- TFig. -1). That is, t.wo pointS A nal P. *-'!htraL -i

alwaN-s imaged Lnto points A' and 3' with no axial inv;ersion 'i.e., 93 and B' Loth ferrni to

the rig! t or A and A'. respectively). Suppose we conisidur a dynariic situation, in .%hiicn

un~rd R are imiaged continually farther from the lens, which can be accomp'ished by

Lri igina- he object points A and B continually closer to the lens. wnien 'J re&:-*he t(eC

front focal plane of the lens, B' goes to infinity and further movemnent of T-3 towards~ thc

le-ns results in B' coming in from minus infinity.

We thus have achieved one of the goals, we have effecU..Iy in'. en cr A anrd K,

though the principal stated above has in a sense not been violated, since both A and b3

always moved in the forward axial (z) direction, without one overtakikng the olho- -~e

see that the path is cyclic with the positive and negat end,; bein. c.jnnc.--Iled &i;,'

ity Adding more focal power, either with shoi'ter focal length le:i-es c- Clc- addr.on.11 of

more lenses, merely moves A and B (here, the source plane and ',he pl-,ne being

imagued) to new positions along the z track.

To apply this viewpoint to the HOE problem, we identify planes A and B w%,th tLh,

source image and P.j respectively, and we place a second lens in each br.'nch of :he

system, which reimages both the source point and P,,,,. The viewpoint given above

then seems to suggest that the constraint on positive focal length 1,01'S s'tuul bt no

greater than that for negative HOES. For the anai~sis we retirn Lo Fig. -' P, inmc

are both to be imaged at P,, with equal magnification The sepuations ''-

(labeled d.) and P'1 -P 0 ,a (labeled do') can be anything, including negative values. since

it is immaterial what planes got imaged to P., as long as Lhe- distance d4'-d, reniains

* equal to the tnterterometric path difference, and indeed this ptth differvrce ra .±n

altered in any way we cnoose.
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Considering Figs. 2 and 4 one can see that the addition of ore mc, Ir -;0 ,h

" acce:'Is h oth hedrris !'ig. 5) ,,ill produce .w, positive HOE.......'

planes are given by -4o and di" where,

dob 'd2 F

Simply by varying f3. dj, and d2 one can achieve any range of con; .ratot -,. pu.l

desired for a positive lens. The constraint for the HOE to be a positire lens are FpI> .

and d2 <F 3 <d. The diffraction pathlength difference for this IlOE for:n'ni n'. t., m is

seen to be =  F1 -F 3 ) in Fig. 6 Thus when using the Mach-Zehnder int erfrcmc.,c

we require the coherence length tc )e greater than/, the requirod physi,'Ai -:.h-

length difference between the two arms of the interferometer (Fig. ;-). Likewise, k

the extra pathiength difference over which we must image in order LV oh,, -qu,, d4F-

fraction pathlengths when using the grating interferometer of Fig. int-gr;ated ' ith

the optical system of Fig. 5.

Here we have considered two systems; the grating interferometer, which is limited

in fringe contrast by the number of lenses introduced into the system, ,nd die recli-

tied Mach-Zehnder interferometer, which is limited in the number" of fringes obt.ir.1bl,

and by the coherence length of the laser being used. With these two systcrns almost

any range of positive HOE's desired can be obtained using broad source mono-

chromatic illumination.

5.3 Diffraction Efficiency

We desire that the diffraction efficiency of HOES made with light of reduced coher-

ence be comparab!e to those made with coherent light. Thus, the fringe ccntrast, of

H.)ES should be high over the entire recording area and [or even the highe t speta!

frequencie s. Theoretically, such a high contrast fringe pattern wilt be vroduce1, 1"u,

any system defects will tend 'o lower fringe contrast as the source i-, briaidened
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Various HOES were recorded with the interferometric arrangvrn,,nt c Fig i )If

:,-r cchcr,-ni illumination~ andI fo~r il .'niiration of r-,icde herencc. DI r~ ',)I:,z-

produced had a mean spatial freque-ncy of 300 cycles per mm. the hi-host ind 1L

loWe_3t F~tc~ r, quenCcs being 100 and 400 respectively. ThrLEe s.'CL,ik S.uC %~

used: a point source and sources of angular subtense 0:0C rad. an.d 005 rad InCe-

ur'ed at the collimeter.

A set of HOE~S was made for each of the three source sizes and the diffrnaction.f-

ciency measured. The results, shown as the diffraction efficiency v.- ex:ostire c tir., of

- Fig. 11. indicatrs that diffractio efficiency has decreased somewhat l.i nrr -il-t

* source size, but not to a significant degree. High diffraction efficiency (sa%, 6O to 9-V<

could be obtained by either bleaching or recording or. dichromated !atir- for,!-(

optimal exposures cf any of the source sizes used

It appears that the greatest loss of diffraction efficiency aris f-rr!.....

* ~imperfections, such as field curvature, which cause the surface of fringe l~d' Lf U

depart fromn the irceal planar shape, and the recoriing platL wil' therefore he

* places, outside the surface of highest fringe contract. Assuming that such aberr6: 's

* were absent, there remain two factors that affect diffraction efficikwncy I ts~ hE

* noise reduction is a smoothing process, wherein spatial freqlaency ener-2v rep re.sent ng

* ~noise is converted to an ambient background. This results in a ioss of frir-le cn.

and resulting diffraction efficiency. Since the noise, even in a rca!her noisy, fr inge piL-

tern, has a power that. is otilV a ria'! fraction ( a fe% percent) of U-b&. in '-he signatL Li,

contrast loss for this effect should be similarly small. On the other hand. thre presenic-

of noise means locally that the beam ratio may bc different fronm the nominal or _vor-

*age 5)eain ratio, and the fringe contrast. is thus lowered in addition. the resuitingL :Cca,'

mean exposure may not be optimum, again providing lower diffrac~tion effic~ericy

* Thus, as we broaden the source, we find factors that decrease the d~ffraction efficient-v
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Fig. 5.6
Diffraction erficiency vs. intensity

transmittance. Solid curve--using coherent

source. Dotted curve--using source of angular

extent .005 radian. Dashed line--as before,

but with angular extent .01 radian.



31

and otherq ihat. increase ft, and it appears that riigot us analv4sis !s requirt ., t 1

ti owV '.es pposing iWr'.or-- baiactc

5.4 Noise

To investigate the noise, various typos of data were ecllect-d. First, HC'B', %urc

rndr'1 iiBing thp -rating irter~erometer setu9 of Fry. 1, with ,r extenritro --ourro ,fi-

OO0t rad. Second, HOES were made the same way, but with a nonbroadtnt-d so;;rte

The res;ults show the enormous noise reducing effect of the coherencr, r -r~u.~ 'nut,

the contparison is not entirelyV reo1is'ic, sitnre the inter-ferornelc-- co. C!s

souirces, suchn as graldings, that Awould not be presunt it tlic 'iornirl; :..~~.*

turn. Thus, to test the efficacy of the mrethod, the comnparison should be made wlthl

cohierent ilunuinalloo.i in a conventional A
1

0E:-fornn sy~ztvn

We have distinguished two HiOt;-forming systems, each rather simplo Ir ont.

interference is obtained between two divergent beams, and in the other, bI'?.I .

diverging and a converging beam. The former produces ai HOE desig~ned ffLr use n

negative lens, and the latter a 1iOE designeu for us7e as a posidive I-ens. in ta, for.rjcr

case, light emanates from two pinholes, with no optical ei(,ments between pirtio!:' And

recording plate. Thus, the entire pattern should be quite free from setup ncise except,

for back reflections from the recording plate, and experience shows that with gnod filmn

backing, this can be negligible. In the second case. a lens must be rtaced1 dot-rstrearni

fror. the pinhole in onie of the beams; this lens -s una'.noiiabhk a noise SOUre -inci-

* positive lenses atic far more common than negative lenseis, the sy'.tenri vwi~l the noise-

producing lens will be the usual case.

In general, noise on either of the two interfering beams %ill be reecrded and will

a!)pear irn Lhe beum geoerated by the holograin. d1owever, this airniC- can be: ilnlr izatL

by proper hologram construction procedures. Suppost- ore of the beams has a noi;sr

nlx,y) ' n: exL' if), i.e. ooth tin aipltude .nd a ph.*Se c riJ-rL~ l Lil U "4 Of
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vonvr-ntionial first order the~ry, both the amplitude and the phase cn''or rft

noise %w IU be niodi tat ed c rtr. t *,c fri iJL pail crk '-01 PI )PLI int

* b''-arns. However, it is possible tU considerably reduce. som.~iiae: alr !An-> .A'

"tic amplitude cumpontL. .[! diffraction efliciency is plotted as a fun-ticnf 4f

sure, the reqzulting curve typically shows abroad, flat maximum. Thus, iT cnc _,ils to

record at the center- of ',he maximum region, but rniss.os the ptrcper' exposur, b,. -.

small amount, the diffraction efficiency is niot affected.

Noit, suppose one of the two beams to have an amplitudc noise 'n: ol fl r-tigA

tcso Lhat the beam has a -pat 'al fluL tuat ion across it o f p-,rh~tp-z -Y. Cr

quently, the total exposure rr - eved by the recording plate will vary by some similur

amount, or n ctually less,.if the other- beam is uniform. But, since the diffrarticri ef"-

cienev is insensitive to these exposure variations. the noise amplitude flUctuations 'n

*wit! not appear in the reconstructed beam, i.e amplitUde noise i- 3!pprzzzr-I This

suppression may be in fact only' partial, since the fluctuations aiter not only the expC)-

'rebut also the fringe contrast, and the lowered contrast results gerierafly in HODES

or lower diffraction efficiency.

Ilowever, the noise sttppre.,sion that on baiance results :.,an bL r fther dcamn it.

For 2xample, we recorded a fringe pattern about 1 crn. 10 separatec times on. differenit

- portions3 of a plate with different exposures. The exposed areas that had theI highosl dtf-

fraction efficienry wcre -Also !ound to diffract the most uniformly. 'nhus, Lhe ncn-

linearities cf the rer,,ori.ing process indeed offer a significant mechanism for suppi es-

* sion of amplitude noise

In the first noise experiment, the HOES were photopraphed Ltirollgh a nrrcr..scope

* at variou4R magnifications, results being shown in Fig. 7. Figures 7 it and d show thf,

HOL itiade in the gratinig interferomet, r with an extended source at two differenL rna6-

* nificat~ions, and Figs. 7 c: aria d show the same, but. witlh a poin, source. lhe noise is
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b
a4C

C d

Fig. 5.7

Magnified image of HOE surface, 
using 0, +1 and -1

orders. a. extended source, low 
magnification. b.

higher magnification. c. as in a, but using

extended source. d. as in b, but 
with extended aource.

I
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-;('hip roi-" produ~ced by defects in Iheo pu: al elements -h pictures shoA~L fc

It I6%r It1 _ItIi I'r.C-jW t A ON 1 "-,; iF L i I t e.i, %V, -( . I .. (i7 . * ).

quency noise is only partly removed by the reduction in spati, l coherence. ot snho--%

-is tl 'r eulIL fzr ti ME made in the conventional setuip, both for the case of -, icen- ir.

I either heatn beyond the pinholes, in which case the hologram is quite noise f-ec. , -Inid

tur i he case of a tens irn one beam, yielding a result int-rmediatc Atween the recn

and the incoherent ceses of Fig. 7

Of greater signircance is the aniotnt of notise tha u- 'o be seer, in the ;Z di'-

rracted order Indeed, it is coniceivable, although uniukeiv, Lhotrioe of t :i nc- c ii

bNe on tr~e photograph of Fig. 4 is present in the first diffracted o, der. Tb ex~irn!no the

L ~~first diffracted order, a white light source of moderate, but rot I," .~'trtIam(r:

scope illur'natcr) %as used, thc-- HOE was reimaged throligh a unity magnifiL -tirI:

tclcescopic system, and a spati"A filter removed at' diffractive orders cxcept fc,: "re

first order beam. The results, rnot shown hore, are comparable to Fig. 7. ItLwts I so

- found that the highest diffraction efficiency exposures gave the least amph,'udc noise

InI
Since pracical HOES are phase holo-yramns, and .i .cce tim! ampiituid-L. -pi..se

transformaition amplifies the noise, we bleached some HOES and repeated the observa-

tion of the first order. At low megriification, noise is sirnijar to that of Fig Y -.,as

observed.

Higher magnification revealed, however, yet anv~ther noise, much finer aui bcsi-

c-AIy different in appearance. This is shown in Fig. B. Figure Ba. made with a coherent

beam contaiiiing no optical elements downstream fi om the pinhole, reve aled a noise-

free field, except for a fow spots and some grain noise3, both produced by the film that

recorded the beam. Similariy, Fig. 8b shows the result for a grating inierforoniek er.

containing various lenses and gratings, using an extended source. There is a Sm,11!
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trace of noise that we attribute to the 1tO (the low frequen.y ,ncAtlr , nn'. thc m1rCh

fb ir grain rioiset),. frure 8 c-e khov the trsulL fc.r thr- (,,or'.venl . . i ., . . .1, 1 . 1s, ,

lens in one beam. The noise level is considerable. In Fig. Bc, the camera L foru.d n

the emulsion, whereas in Fig. 8 c-e, Lhe focus is moved slightly to one si-le o" th: einial-

sion, on the order of .5 ram. Again the small black spots are not re1c, ant. Tihe nois L-

enormiously greater for the defocussed position. The iaoise thus anpears to be pred.;ri-

inately phase noise. It almost completely disappears -when the Prnilsien was coveed

using a cover glass with xvylene between the two glass surfaces. The Loi.c thu-: is foe,,d

t., be a surface relief anid the emulsion surface thus exhibits an orange peci effeCt.

This seems somewhat curious, since the bleaching process (R0 bleach) produces a

phase image primarily of the refracted index modulation type, and the brightn-sS off

the first diffracted ordpr was orly slightiy affected by the !,quid gate '

A search, for the origin of the noise revealed that it ar's.ns from two cvus., I, -,

from diffraction from the aperture edge of the lens, and second, from noise on the

lerns The effect could be duplicated with no lens, just a di.fractm, aperture .Ir ,a

the beam, ur by a large diameter lens, producing no edge diffraction but ha in.) some

scattering centers (dirt, etc on and in the glass.

We also observed the zero order and found again the same noise, but les- inteu ce
We lu, .ed for traces of such noisc on the unbleached HOES buL failed to find an 'ucr

presumption is that the noise is present on the unbleachcd plate, but at a k w-l too low

for observation. The bleaching process amplifies the noise, bringing it up to a visible

level.

These noise measurements, by no means exhaustive, indicate that %lhenever

scattering structures are present in one of the two beams in a HOE-maL ing s. sterm the

reduced coherence method will remove almost all the noise, except thiAt of .er'. low

spatial frequency. However, if there are no scattering structures, the use of c-oherr'nt

I1
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a

Nd

b

e

j t!Fig. '5.8

Magnified inage of surface of HOE, imaged in one 1 st

order only. a. HOE made with two diverging beams,

and no optics between pinhole and recording

plate. No noise visible, except for some emulsion

defects on HOE surface. b. HOE made with grating

interferometer, and lenses in system. Faint noise

(mottling) is seen. c. HOE made in conventional

system, with one lens in one beam. Some noise is
seen. d. Microscope focused to one side of image

plane (about .1 mm.) Noise is greater. e. Same as

d, but on other side of image plane.
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li*ght W~ill do quite well anrd is prf-forred because of the ;im-pliity

o'~ Cocluding Comments

The results presented here, although by no me~ans exhaustive, clear'vly

HOES made With light of reduced coherence can have diffraction efficiency coirparaole

'o 1I('ES macte by the conventional coherent methods, and may Lave 5gILd~

better SNR~. Finaily, the reduced coherence methods are quite versatile.
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